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ABSTRACT

A meteoric cloud is the faint glow of sunlight scattered by the small meteoroids
in the trail along a pargnt comet’s orbit. Here we report the first detection of
the meteoric cloud associated with the Leonid meteor stream. Our photometric
observations, performed on Mauna Kea, Hawaii, reveal the cloud as a local
enhancement in sky brightness during the meteor shower in 1998. The radius
of the trail, deduced from the spatial extent of the cloud, is approximately 0.01
astronomical unit and is consistent with the duration of the meteor stream activities.
The brightness of the cloud is approximately 2 ~ 3 percent of the background
zodiacal light, and cannot be explained by simple model calculations based on the
zenith hourly rate and population index of the meteor stream activities in 1998 [1].
If the typical size of cloud particles is 10 um and the albedo is 0.1, the brightness is

transformed into a number density of 1.5e-16 /cm?®.

" A cometary dust tail consists of small dust particles, blown out by solar radiation pressure forces, while
larger dust particles form a tube-like structure around the parent comet’s orbit. If a comet comes clbse
enough to the Earth’s orbit, the entry of dust particles into the atmosphere can be observed as a meteor
stream and such dust particles are called meteoroids. We expect outburst activity of a meteor stream just
after the return of the parent comet, since they are thought to originate from relatively young meteoroids in
the dense and narrow trail behind the parent comet, as discovered by the Infrared Astronomical Satellite [2].
On the other hand, there is another kind of dust trail that includes the whole orbit of the parent comet and
causes the annual meteor stream activities. The formation processes of such trails are not well understood,
because the models include many unknown parameters, such as the comet’s past activities, size dependence
in the dust ejection velocity [3] and the combined effect of the planets’ gravity and solar radiation pressure
forces on the dusts orbital evolution [4]. If we observe the trail from the inside, sunlight scattered by the
meteoroids should yield a dim glow in the sky, i.e. a meteoric cloud. While no convincing detection has
previously been reported [5], ground-based observations with a wide-angle lens and a CCD camera have
the potential to detect such faint and diffuse structures, as demonstrated by the recent identification of

asteroidal dust bands [6].

There are two advantages to detecting a meteoric cloud during a significant meteor shower. These are
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the highAVSpatial density of meteoroids and the long line of sight in the tangential direction of the trail.
Leonid is the most famous meteor stream, because of its spectacullar outbursts [7]. Historical records imply
that an outburst occurs when the distance between the Earth and the descending node of the parent comet
P/Tempel-Tuttle is smaller than 0.01 astronomical unit (AU}, and the Earth crosses the cometary orbital
plane after the périhelibn passage [8]. These conditions were fully met in 1998, and we actually observed
a meteor shower with a maximum zenith hourly rate (ZHR) of more than 300 [1]. Figure 1 shows the
appearance of a model trail along the orbit of P/Tempel-Tuttle when thé Earth was located in the middle
of the trail. On the basis of the duration of meteor activities, we assume that the cross section of the trail
is a circle with a 0.01 AU radius. Due to the almost retrograde orbit of P/Tempel-Tuttle, the model cloud
is close to the radiant, and extends approximately 4° on the sky for lines of sight longer than 0.3 AU. Using
a wide-angle lens (Sigma 24mm lens, F=2.8) attached to a cooled CCD camera (Mutoh CV-16), we made
photometric observations of this region of the sky between 1*35™ and 5*05™(HST) on 17th November
1998, atop Mauna Kea, Hawaii, at an altitude of 4200 meters. The angular resolution and the field of view
are 2.50’/pixel and 32° x 21° respectively. The transmittance spectrum of the filter is designed to agree
with the broadest window of visible airglow lines between Hg at 435 nm and OI at 557.7 nm. The exposure
time was set to 3 minutes, and the temperature of the CCD chip was kept at - 30°C. In order to check
fhe dark and readout noise during these observations, 49 dark frames were obtained throughout the night.
The calibration frames for flat fielding were taken by the same instrument inside the integrating sphere
in the National Institute of Polar Research (NIPR), Tokyo, Japan. For detailed analysis, we used the
last frame, taken just before dawn, because it had the smallest zenith angle. The rest frames allow us to
estimate the optical depth 7(z) through photometry of standard stars with changing zenith angles. From
photometry of solar analog stars, it has been found that 1 ADU on our system is equal to 3.41 Syy@ (=
1.28 10~8W/m?/sr/um at 500nm).

After removing stars, we applied a Sivan-Gorray smoothing filer [9] to obtain the sky brightness. On a
moonless night, observed sky brightness (Ips) consists of light from several different sources, i.e. zodiacal
light (Iz1) including the contribution from the meteoric cloud, airglow from the upper atmosphere (Iag),
integrated starlight of unresolved stars (I7sz), and light scattered by the Earth’s atmosphere (I,c,). That

is,

Iobs = (IzL + Lag + Itsp)-exp(—Tes£(2)) + Isca 1)
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where 'r,;f £(2) denotes the effective optical depth for the extinction of diffuse light sources at zenith distance
z. We estimate 7.f7(z) by using the empirical formula 7,¢f(z) 2 0.75 7(2) [10]. I1sy is calculated by
interpolating Pioneer’s data cited in Leinert et al. [11], and I5c, comes from the formulae by Dumont [12].
The resulting image, after these reduction procedures, is shown in the larger panel of Figure 2. The zenith
angle dependence of I4¢ is described by the van Rhijn function [13], but normalization must be done at
the zenith. Furthermore, we must subtract the smooth component of the zodiacal light to extract the faint
meteoric cloud. We have constructed a model of zodiacal light in which the spatial distribution function of
interplanetary dust particles and the scattering function were taken from Kelsall et al. [14] and Hong [15],
respectively. The tilt of the symmetry plane of the zodiacal light and I4¢ at the zenith were determined
simultaneously by a simplex method, so that the combination gave an optimal fit to the off-cloud regions
in the observed data. The regions with large zenith angles were excluded from this fitting procedure in
advance. Finally, we subtracted T4¢ and Iz, from the background image and superimposed the resulting
structure as the contours in Figure 2. The peak intensity of the meteoric cloud is approximately 4.5 S;o0,
while Iz, amounts to approximately 200 S;o at the center of the frame, and I4¢ at the zenith is 90 S;y.
The interval between the contour lines is 0.5 Sjp@ and the fluctuation of sky brightness, caused mainly by
photon noise and dark current, is approximately 1 Sjo. Although the shape is rather elongated in the
orbital plane of P/Tempel-Tuttle, possibly due to anisotropy in the ejection velocities, the location and
extent of the meteoric cloud are consistent with the prediction shown in Figure 1. The lunar sodium tail
induced by the meteor shower [16] cannot be responsible for this structure, since our filter cuts out the
neutral sodium emission at 589.1 nm, as noted before. If a star is bright enough to have a blooming tail, it
produces a halo, as shown in the smaller panel of Figure 2. The region around the contour map, however, is
free from halos, because stars of similar magnitude to those in the contour map show no indication of halos.
In order to further check the possibility that the diffuse structure resulted from ur;known diffuse sources,
either beyond the solar system or within the Earth’s atmosphere, on 20th December 1998 we performed the
same observations as in November, and applied the same reduction procedures. As the diffuse structure

found on 17th November was not detected, the connection with the Leonid meteor activities was established.

Wu and Williams {17} have shown that the outburst activities of the Leonid meteor stream are caused
by relatively young dust particles that have completed only a few orbits since ejection from the nucleus.
On the other hand, small and young meteoroids cannot contribute to the cloud, due to radiation pressure

forces, as shown below. For simplicity, we consider the meteoroids released at perihelion and neglect the




-5-

effect of ejection velocity. Then, a meteoroid’s eccentricity and perihelion distance are given by [18]

e=(1-0)" e +0) @)

7=g(1+ep)(1+e) H(1-p)"" ®3)

where  represents the ratio of the radiation pressure force to the gravitational force acting on the
meteoroid, and g, and e, denote the perihelion distance and the eccentricity of parent comets respectively.
Using these equations, we calculated meteoroids’ orbital periods and found that meteoroids with 3 larger
than 0.001 cannot return to the vicinity of the Earth’s orbit along with P/Tempel-Tuttle. If the meteoroids
consist of astronomical silicate, 8 = 0.001 corresponds to a radius of roughly 100 pm. Assuming a simple
power-law size distribution of meteoroids with this lower limit, we can estimate the brightness of the
meteoric cloud as follows. The mass M and magnitude m of a meteoroid are assumed to obey a simple
power-law as M(m) = M(0) * 10~**™, where M(0) is the mass of a zero magnitude meteor. On the other
hand, the meteor flux n(m) and the population index x are determined as n(m) = n(0) * x™ by visual
observations. The values of n(0) and M (0) for Leonid can be found in Jenniskens [19]. The two equations

give the mass-distribution function of the meteoroids as

n(M) =rkx M"Y (4)

where

k= —In10* o *n(0) * M(0)'°9*/* and = —(1+logx/c) (5)

If this power-law covers the whole size range, we can obtain the total scattering cross section by
size integration. As long as v < 5/3, the total scattering cross section is dominated by the lower limit
of meteoroid size and is insensitive to the upper limit. The upper limit is set to 10 cm throughout this
paper. When meteoroids are distributed uniformly in the trail, the mean volume scattering function of the
meteoroids inside the trail is given simply by dividing the total cross section by the relative velocity of the

Leonid meteors and the Earth. The brightness of the scattered sunlight is the product of this mean volume
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scattering function, the solar flux, the length of the line of sight L, and the albedo A of the meteoroids [5].
Figure 3 shows the brightness as a function of o and x for a ma.fcimum ZHR = 300, as observed in the
Leonid outburst in 1998. The meteoric cloud is assumed to be resulted from an outburst of meteor stream
activities associated with the return of P/Tempel-Tuttle. Based on the dynamical restrictions discussed
above, we estimate the lower limit in the size integration to be 100 pm. It follows from Figure 3 that
the observed cloud brightness cannot be explained by a simple power-law size diétribution unless a ~ 0.4
and x > 3. In high velocity streams such as Leonid, the luminosity I of a meteor could be proportional
to the kinetic energy [20]. In this case, I ~ M ~ 10704*™ and consequently o equals 0.4. However,
visual observations of the Leonid meteor stream in 1998 reported much lower values for x (Arlt 1998).
Furthermore, numerous meteoroids around 100 um in size should have been detected as faint meteors by the
video imaging instruments onboard the Leonid MAC mission [21]. Therefore, the size distribution and/or
spatial density of meteoroids in the local volume swept by the Earth must be significantly different from
the global average, provided that the meteoric cloud is directly related with the outburst of meteor stream

activities.

The observed flux 2 S;p@ at the outermost lines in Figure 2 corresponds to a total scattering cross
section density of 4.7e-22 cm?/cm®. If the meteoroids consist of spherical particles 100 um in size, a
spatial number density of 1.5e-18 /cm?® leads to a huge discrepancy with the results from video imaging
of faint meteors, as noted before. On the other hand, the critical value for bound orbits is derived as
Bc <= (1 — ep)/2 from eq.(2). Substituting e, = 0.906 for P/Tempel-Tuttle, we obtain 8.= 0.047, which
corresponds to approximately 4 um meteoroids consisting of astronomical silicate. Thus, the typical size
of meteoroids responsible for the cloud would be several tens of microns. If the typical size is 10um and
the albedo is 0.1, the number density is approximately 1.5e-16 /em3. Such meteoroids tend to accumulate
at perihelion, as dispersion is negligible according to eq.(3), despite the significant increase in their orbital
period. Such small meteoroids can be included in the diffuse and spatially uniform trail, which causes the
annual activities of the meteor stream, and contribute to the observed brightness of the cloud.

In this case, we should be able to observe the Leonid cloud irrespective of the occurrence of outburst. Also,
it is likely that meteoric clouds are also associated with other major meteor streams, such as the Perseid,

Quadrantids, Orionids and Draconid, whose parent comets are far from perihelion.
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Figure legends

Figure 1

A model dust trail seen at 19:30 (UT) on 17th November 1998. The horizontal and vertical axes denote
the solar elongation angle and the ecliptic latitude respectively. The trail is assumed to be a cylindrical
tube with a radius of 0.01 astronomical unit along the orbit of comet P/Tempel-Tuttle. The cross denotes

the location of the radiant.
Figure 2

Sky image taken at 15:04 UT on 17th November atop Mauna Kea, Hawaii. Contributions from
integrated starlight and scattering by the lower atmosphere have been removed from the sky brightness, but
the stars remain and the grid lines are drawn with the same intervals as in Figure 1 for comparison. The
sky brightness, dominated by zodiacal light, increases towards the lower left corner as the solar elongation
and ecliptic latitude decrease. After subtraction of the airglow continuum and zodiacal light, we show
the residual component in the box at the upper left and superimpose a contour map with increments of
0.5 Syp@ on the meteoric cloud. Another bright spot in the box is the halo yielded by the bright star
Zozca of Leo. It should be noted that the peak intensity of the meteoric cloud is only 4.5 54, while the
brightnesses of the zodiacal light amount to 200 ;o at the center of the image.

Figure 3

Expected cloud brightness in Log(S;o@) for ZHR = 300, A = 0.1 and L = 0.3 AU. Note that the
brightness is proportional to ZHR, A and L. The horizontal axis denotes the exponent in the mass-magnitude
relation and the vertical axis is the population index determined from visual observations of meteors. The

size distribution of meteoroids is assumed to follow eq.(4) in the text and the lower limit is set as 100 pm.
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